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TRANSPORT DYNAMICS OF A HIGH-POWER-DENSITY MATRIX-TYPE
HYDROGEN-OXYGEN FUEL CELL
by Paul R. Prokopius and Norman H. Hagedorn
Lewis Research Center
SUMMARY
Experimental transport dynamics tests have been run on a space power fuel cell of
current design. The cell tested is a circulating reactant-type matrix cell which has as
part of its structure a porous nickel electrolyte reservoir. Various operating transients
were introduced and transport-related response data were recorded at both the hydrogen
and oxygen sides of the cell with fluidic humidity sensing instruments.
A previously developed mass transport model predicted that the electrolyte con-
tained in the cathode would undergo a drying transient in the time immediately following
a load increase. Sampled-data techniques were developed for measuring the cathode
side electrolyte concentration during transient operation. Transient concentration data
were obtained which bears out the prediction of cathode-side concentration changes.
However, at the conditions tested, it was found that the severity or magnitude of any
transient would not be detrimental to cell operation.
The water transport data taken at the anode illustrate the transient rate of product
water outflow from the cell. The cell with an electrolyte reservoir, compared to one
having no reservoir, was found to have a much smaller net water loss when subjected
to a step increase in load.
INTRODUCTION
In H2-O2 fuel cells the product of the electrochemical reaction is water. The re-
moval of this product water at a rate which regulates the water inventory of the cell
electrolyte within its design limits is a prime requisite for proper cell operation. The
design of systems needed to achieve this type of control could be greatly aided by gaining
an understanding of the mechanisms that regulate the movement and hence the rejection
of product water from an operating cell. Therefore an on-going program is being con-
ducted at the Lewis Research Center to study fuel cell transport processes on both an
experimental and analytical basis (refs. 1 to 3). Thus far in the analytical portion of
the program, a mathematical mass transport model has been developed to simulate the
processes controlling fuel cell water transport, for both steady-state and transient
operation, when the product water is rejected to a flowing stream of hydrogen. In the
experimental portion, a fluidic humidity sensor was developed as a readout device for
obtaining transport-related experimental data (ref. 4). The sensor provides a contin-
uous reading of the humidity of the effluent reactant and this, in turn, can be used to
determine the outflow of water from the cell. With the sensor as part of a fuel cell
dynamics test apparatus (ref. 3), transport dynamics studies have been run on both
molten alkaline-electrolyte cells (Bacon cells) and on low temperature alkaline matrix
cells. In these cells all the electrolyte was contained between and within the electrode
structures. Between the electrodes, the electrolyte existed either as a free liquid
(Bacon cell) or was constrained within an asbestos matrix (low temperature alkaline -
electrolyte cells).
The study being reported on here was also conducted on a matrix-type cell. How-
ever, this cell has as part of its structure a porous nickel electrolyte reservoir which
is located between the hydrogen supply chamber and the anode (fig. l(a)). The purpose
of this reservoir is to contain a large portion of the cell's electrolyte in a volume out-
side of the electrode-matrix structure. This minimizes the effects that electrolyte
volume excursions have on cell performance.
A qualitative application of our mathematical mass transport model to this cell pre-
dicted that cathode electrolyte drying transients would occur in the time immediately
following a load current increase. To determine whether these drying transients do in
fact occur, and to what extent, sampled-data oxygen-side humidity measuring techniques
were developed. These techniques provide a method for observing the concentration
transients resulting from step disturbances in cell load and operating conditions. Also,
continuous hydrogen stream humidity data were taken to elucidate the overall water re-
jection response of this particular cell.
APPARATUS AND INSTRUMENTATION
Fuel Cell
A schematic diagram and a cutaway view of the type of matrix cell tested are shown
in figure 1. The cell assembly consists of an anode, cathode, matrix, electrolyte res-
ervoir plate, and a unitizing support frame. The cell active electrode area is
o0. 0464 square meter (72 in. ). The anode and cathode are constructed of a fine mesh
silver-plated nickel screen which is catalyzed with a platinum/palladium and teflon mix-
ture. Both electrodes are 0.014 centimeter (5.5 mils) thick. The electrolyte reservoir
plate is a 0.254-centimeter- (100-mil-) thick porous nickel sinter and the matrix is a
0.0254-centimeter- (10-mil-) thick sheet of fuel-cell grade asbestos. The cell electro-
lyte is aqueous potassium hydroxide at a concentration of approximately 30 percent
potassium hydroxide by weight. Waste heat is removed from the cell by flowing a liquid
coolant through a chamber which covers the back of the hydrogen reactant chamber.
The coolant system is used to control the cell temperature between 361 and 394 K (190°
and 250° F).
Product water is removed from the cell by flowing an excess of humidity-controlled
hydrogen through the hydrogen supply chamber. In a steady-state mode of operation the
product water diffuses from the reaction sites within the anode structure into the elec-
trolyte reservoir. It is evaporated from the electrolyte contained by the reservoir into
the hydrogen supply chamber from whence it is removed from the cell by the reactant
stream.
Oxygen flows on demand into the normally dead-ended oxygen supply chamber.
i
Test Apparatus
The fuel cell dynamics test apparatus was used to generate the mixture of hydrogen
and water vapor on which the fuel cell! was operated. The rig (detailed description given
in ref. 3) is composed of closed-loop controllers which are capable of controlling with a
high degree of accuracy the reactant sjtream parameters of temperature, pressure, flow
rate, and humidity. Aside from being1)able to provide an accurately controlled steady
flow, the test apparatus has the dynamics testing capability to produce fast perturbations
in any one of the stream parameters while automatically holding the other parameters
constant. This individual control characteristic eliminates parameter confounding and
thus provides the capability to isolate individual parameter effects on cell performance.
Humidity (Concentration) Sensing Instruments
In fuel cell applications, data from the fluidic humidity (mass ratio) sensor can be
utilized in either of two ways. It can be used to determine the actual water outflow from
a circulating reactant-type cell and hence determine the transient and net changes in cell
electrolyte water content, or it can be used to determine the electrolyte concentration
in the area of the reactant outlet port for an intermittently flowing reactant.
To find the water outflow for an operating fuel cell, the fluidic sensor is used to
obtain a continuous reading of the mass ratio (humidity) of the effluent reactant stream.
When this is combined with the known composition of the reactant supplied the cell, the
stoichiometric reactant consumption rate and the water formation rate (both of which are
proportional to cell current), a continuous calculation of the rate at which water is re-
jected from the cell is attainable. The water rejection data can, in turn, provide a
measure of the all- important dependent variable, the electrolyte volume.
In determining the electrolyte concentration, the effluent stream mass ratio is again
the recorded parameter. If the stream in question is assumed to be a mixture of ideal
gases, the component mole ratio defines the ratio of the component partial pressures as
r 2 P 2
or
W2
In these expressions the terms r , and r <j represent the numbers of moles of each
component, Pj and P2 the respective partial pressures, Wj and W2 the mass flow
rates, PT the ambient mixture pressure, and M.. and Mg the component molecular
weights. The mass ratio Wj/Wg, therefore, can be used to obtain the partial pressure
of either stream component. Installed in an intermittently flowing reactant stream, the
mass ratio sensor is used to determine the stream vapor pressure. For the types of
cells tested, the typical and apparently valid assumption is that the reactant stream
equilibrates with the cell electrolyte by the time it reaches the reactant exit port. That
is, the vapor pressure of the electrolyte in the area of the outlet port and the partial
pressure of the water vapor in the reactant stream flowing over that region are equal.
The fluidic sensor reading can thereby be used to determine the electrolyte vapor pres-
sure at the outlet port which, when applied to experimentally obtained vapor pressure-
concentration relations, provides a reading of cell electrolyte concentration in this area.
The cell tested was instrumented with mass flow ratio (humidity) sensing devices at
both the anode and cathode. The main element of each sensor is a fluidic, delay- line
oscillator. Schematics of the oscillator and the complete Ho-humidity sensor are shown
in figure 2. The oscillator is designed so that the stream flowing through the nozzle
attaches itself to one of the two stream attachment walls and remains fixed there until a
pressure pulse produced by the stream traverses the delay line of the side to which it is
attached. This pulse forces the stream to the opposite attachment wall, whereupon the
process is repeated and an oscillation established. The frequency of the oscillation is a
function of the delay line pulse propagation time, and is measured by porting one of the
delay lines to a dynamic transducer to pick up the pressure pulsations setup by the os-
cillating stream. The frequency of these pulsations is a function of the molecular weight
of the stream in question at a given temperature and pressure. Since the stream molec-
ular weight is a function of its mass ratio, a calibration curve of oscillation frequency
as a function of mass ratio (humidity) can be obtained. To obtain a readable humidity
signal from the instrument (fig. 2) the pulsating charge output of the fluidic oscillator
is fed to a charge amplifier to be converted to a periodic voltage and from there to a
frequency-to-dc converter which provides a recordable humidity analog. A more de-
tailed description of the humidity sensor is given in reference 4.
As shown in figure 2, a sensor was installed in the hydrogen stream at the anode
reactant chamber outlet to provide a continuous reading of the outlet hydrogen stream
mass ratio and hence the rate at which water is rejected from the cell. The oxygen
stream of the cell tested is normally dead-ended and thus does not provide a continuous-
flowing reactant to drive a fluidic sensor. To obtain a cathode-electrolyte concentration
reading, a sampled-data sensing technique was devised. A schematic of this system is
shown in figure 3. In this system the Og-HgO gas mixture is sampled by periodically
opening a solenoid valve installed in the exit line of the fluidic oscillator. The solenoid
is driven by an electronic timer which is set up with the sampling pulse shown in the
insert. The solenoid is open and gas flows for 8 seconds of the total 32-second pulse
cycle. The oscillator that was used in the system was designed with an extremely small
inlet nozzle (0. 0127 by 0. 0254 cm (0. 005 by 0, 010 in.)) and thus a minimal amount of
gas flow was required to establish an oscillation. The rate of water withdrawal from the
cell by the sample stream is less than 2 percent of the 18. 6-ampere-per-square-meter
<y(200-A/ft ) rate of water consumption at the cathode. At this net flow, in 1 hour of con-
tinuous sampling, the amount of water removed from the cell by the sample stream
would amount to about 1 percent of the water contained in the cell's electrolyte. There-
fore, the sampling of the cathode gas mixture has a negligible effect on the cells overall
water balance. To determine whether the sampling technique affected the electrolyte
concentration near the CL exit port, the following check was made: two sets of four data
pulses each were taken, with a 20-minute interval separating the sets. After another
20-minute interval of no data, continuous sampling was maintained for an hour. The
humidity of the Og stream did not vary during the 1 hour of continuous sampling, and
was identical to that measured during the discrete sample sets. It was, therefore, con-
cluded that the sampling technique had no significant effect on the collected data.
The signal conditioner of the sampled data system consists of several components,
two of which are a charge amplifier and a frequency-to-dc converter. The output of the
oscillator's dynamic transducer is a high impedance charge signal unsuitable as an input
to any readout device. Therefore, the transducer's output is fed to a charge amplifier
to be converted to a low impedance periodic voltage. This can then serve as an input to
a frequency-to-dc converter to obtain a dc analog readout of the oscillator frequency.
From the converter the analog signal is fed to a "dead time" generator which blocks the
signal for the first 2 seconds of the 8-second flow pulse. This allows time for the gas
trapped in the oscillator from the previous data pulse to be purged from the system.
Actual data is then taken on a fresh sample from the last 6 seconds of the flow pulse.
This signal is integrated over the 6-second period to average out some of the electronic
noise and it is finally recorded on a strip chart recorder.
Sample recordings from both humidity sensors are shown in figure 4. These data
were taken for a step in load from 20 to 200 amperes and from 200 back to 20 amperes.
The hydrogen humidity sensor shows a base-to-peak change in outlet stream water flow
from 0.161 to 0. 222 kilograms per hour (0.355 to 0. 488 pph) and the O2 humidity sensor
displays a base-to-peak change in cathode electrolyte concentration from approximately
34 to 37. 5 percent. To improve the resolution of the oxygen sensor data in the time im-
mediately following the transient, the pulse cycle "off time" was shortened from 24 to
approximately 12 seconds.
TEST PROCEDURE
With the cells reactant supply chamber purged and then filled with nitrogen, the
liquid coolant was circulated through the cell at 361 K (190° F) (inlet) and the oven in
which the cell was installed was heated to bring the cell to its operating temperature of
361 K (190 F). Once this temperature was attained, the reactants were introduced and
the cell electrolyte concentration was allowed to equilibrate at open circuit to the value
desired for a particular test. This concentration was dictated by setting the hydrogen
water-vapor partial pressure (humidity) equal to the electrolyte vapor pressure corre-
sponding to the desired concentration. After the load was introduced, a steady-state
operating condition was realized when the startup transients in the continuously moni-
tored parameters of cell temperature, voltage, and current were damped out and when
the water vapor outflow measured by the hydrogen humidity sensor equaled the water
input plus water generated by the cell reaction.
Once steady-state was attained, dynamics tests were conducted by disturbing the
rate at which water is produced in the cell. The water production transients were step
functions of load current introduced by an electronic load bank. The resulting response
transients were recorded with the fluidic sensors as changes in the hydrogen and oxygen
stream outlet humidities. For analysis, these data were converted to water rejection
rate changes from the anode and electrolyte concentration changes at the cathode, as
described previously.
RESULTS AND DISCUSSION
The transient response of the cell outlet water vapor flow rate to a 0- to 100-ampere
step in cell load is shown in figure 5. The response reflects the readjustment of the
electrolyte concentration to an equilibrium value at which the effective vapor pressure
difference between the cell electrolyte and the hydrogen stream is sufficiently large to
drive the product water from the cell structure. For approximately the first 3 minutes,
the transient shows the cell electrolyte absorbing a net amount of the water produced at
the anode. During the remainder of the transient, a net amount of water is rejected
from the electrolyte. The shaded area to the left of the transient curve represents the
mass of water absorbed by the electrolyte and the shaded area under the overshoot por-
tion of the transient represents the mass of water that was rejected by the electrolyte.
The difference between these two areas represents the net amount of water that was re-
jected/absorbed over the duration of the transient.
The purpose of the electrolyte reservoir in this cell is,to add electrolyte volume
capacity to the cell structure. Its effect is to absorb the electrolyte volume changes
that would otherwise occur within the electrode-matrix assembly as the cell is put
through its operating profile. The effect that the reservoir has on the water rejection
characteristic of the cell can be seen by comparing the response shown in figure 5 to a
comparable transient of a previously tested cell which had no reservoir. To provide a
basis for comparison, the response curves for the transients were normalized by plot-
ting each data point as a ratio of the change in the water vapor component of the hydro-
gen outlet stream to the total change between the initial and final equilibrium values.
This comparison is made in figure 6. As one might expect, the cell without the porous
reservoir plate displayed a much faster initial rise time and had a very pronounced un-
derdamped (overshoot) characteristic, indicating considerable drying of the electrolyte.
Thus, the addition of the reservoir component is seen to have a strong capacitive or
damping effect on the water rejection process.
Though data such as that of figure 6 can be used to identify the characteristic of the
overall water rejection process, it does little in defining parameters such as the chang-
ing electrolyte concentration within the anode. Since the reservoir is an integral part
of the cell structure, it is impossible to obtain experimental data to identify anode con-
centration characteristics. Analytical techniques such as those developed in the mathe-
matical model (ref. 3) would have to be resorted to. However, concentration can be
determined on the cathode side by the techniques described previously. Actually, in
cells such as the one tested, interest centers on the cathode side of the cell since this
is typically where the electrolyte in the electrode-matrix structure is the driest. Also,
phenomena such as localized drying in the area of the oxygen inlet port can be of con-
cern if the cell is supplied by a dry O, stream.
A cathode-side concentration transient is shown in figure 7. These data show the
load step response of the concentration of the electrolyte contained by the cathode in the
area of the oxygen outlet port. For this cell the 20- to 200-ampere load step is equiva-
lent to a low to nominal power step for the fuel cell system for which the cell was de-
signed. The transient shows a drying characteristic which is seen to peak approximately
20 seconds after the load disturbance is introduced. For a period of approximately
40 seconds, thereafter, the concentration drops. This drop reverses at about 60 sec-
onds and from then on the concentration begins a slow rise toward the final steady-state
value of 39. 8 percent. The occurrence of the initial post-transient drying peak was
predicted by the mathematical mass transport model (ref. 3). The model indicates that
this drying results from the fact that the water required by the cathode reaction cannot
be supplied instantaneously. In a normal steady-state mode the water consumed by the
/
cathode is transported by diffusion from the anode where it is generated. Upon introduc-
ing the load transient, the rates of water production and consumption increase instantan-
eously, however, the diffusive transport introduces a lag in the rate at which water is
transported across the cell. During this lag period, the electrolyte which is near the
cathode reaction zone supplies some of the water required by the reaction, the result
being a drying or concentrating effect on the cathode electrolyte.
In the transient of figure 7, following the initial drying period, the cathode electro-
lyte has a tendency toward a wetter or less concentrated condition. However, after
60 seconds have elapsed, the cell temperature becomes the dominant factor and the con-
centration is driven to a drier final value. That is, the heat generated by the cell reac-
tion causes a cell temperature rise. The increasing cell temperature raises the elec-
trolyte vapor pressure and water is driven from the electrolyte into the flowing H,
stream.
Since the cathode concentration data were obtained from a humidity sensor which,
in effect, measures electrolyte vapor pressure, a temperature correction was required
in converting the raw sampled data into the form shown in figure 7. An example of a
thermal transient generated by a load step (20 to 200 A) is shown in figure 8. These data
were taken with a quick-response thermocouple probe that was installed in the oxygen
chamber immediately above the electrolyte whose concentration was being measured.
Assuming the measured electrolyte concentration at the cathode outlet can be used
as an indication of the overall cathode electrolyte concentration, one characteristic of
this cell seems to be its tendency to go to a less concentrated (wetter) condition after the
cell load is increased. This is shown in the transient of figure 7 as a drop in concentra-
tion following the initial drying peak. One would assume that as the load is increased
.more water is required by the cathode reaction, thus requiring a steeper concentration
gradient from anode-to-cathode and hence a drier cathode electrolyte in the final steady-
state mode. However, the presence of the electrolyte reservoir in this cell apparently
causes a distribution of the concentration gradients within the cell such that, were it
not for an increase in cell temperature, the cathode electrolyte would end up in a wetter
state. This wetting tendency is beneficial in that it tends to attenuate the magnitude of
the drying transients. In a matrix cell with no reservoir plate, or a very thin one, an
inherent drying tendency would exist. This would add to the transient drying, the result
being an increase in the severity of the drying peak.
In running various transients one of the parameters which was seen to affect the
magnitude of the short-term drying spike was the initial electrolyte concentration (i.e.,
the concentration established at open circuit by the hydrogen stream being supplied to
the cell). This effect is illustrated in figure 9 in which the magnitude of the drying
transient at the cathode exit is plotted against the initial electrolyte concentration. For
all the data points, the same 20- to 200-ampere load step was introduced and the coolant
inlet was held at a constant 361 K (190° F). Thus, the thermal effects on the concen-
tration were the same for each data point and therefore should have no influence on the
characteristic being illustrated. The plot of figure 9 displays a very nonlinear charac-
teristic thus suggesting that the transport processes controlling the concentration are
likewise nonlinear.
For the type of cell tested, dry oxygen is normally supplied to a dead-ended reac-
tant chamber. As the dry demand-flow stream passes over the cathode electrolyte, it
evaporates water until it saturates with respect to the electrolyte. This electrolyte
drying that results is the most severe in the area of the oxygen inlet port. To determine
the degree to which this drying occurs, a measurement technique was devised to obtain
an approximation of this concentration with the cell in a steady-state operating mode.
To obtain this concentration reading the cells oxygen supply plumbing was arranged so
that the direction of flow between its inlet and purge ports could be instantaneously re-
versed. Then with the cell under load and operating in a steady-state mode, and the
oxygen sampling system in operation, the oxygen flow direction was reversed and the
ensuing transient observed. The transient represents the reequilibration (rewetting) of
the electrolyte in the inlet port area that is brought about by shutting off the dry oxygen
stream. A typical response is shown in figure 10. With the data pulse period set at
20 seconds, the first data point in the reequilibration transient occurred 20 seconds
after the flow direction was reversed. After the transient was traced out, it was back-
extrapolated to time zero to provide a reasonable approximation of the steady-state
electrolyte concentration at the oxygen inlet port. For the case shown in figure 10 this
value is 41.2 percent. At this set of operating conditions this concentration poses no
problem.
CONCLUDING REMARKS
The electrolyte reservoir has a strong capacitive or damping effect on the cell's
water rejection process. This was shown by comparing the water rejection response
transients for the cell tested in this study to comparable transients of a previously
tested matrix-type cell which had no reservoir. The rate at which product water is re-
jected into the hydrogen stream in response to a step in the rate of water production
(cell load) was the type of data compared. These data show that the cell without the
reservoir displays a much larger underdamped (overshoot) characteristic and a much
faster rise time. Also, the data show that the cell with no reservoir suffers a much
larger loss of electrolyte-water as the result of the water production (load step) tran-
sient.
Prior to starting the dynamics tests the mathematical mass transport model devel-
oped in previous work was qualitatively applied to the matrix cell being tested. The
model predicted that the cathode electrolyte would undergo a drying transient in the time
immediately following the introduction of a load increase. As seen in the experimental
data this prediction was borne out. For the cell tested the observed transients did not
represent any severe conditions; however, off-design cell operation was not explored.
The cells geometric parameters obviously have a significant effect on its transient
response. Of particular importance is the size (thickness) of the electrolyte reservoir.
An intuitive deduction suggests that the short-term drying transients would increase in
magnitude if the reservoir were made thinner.
To facilitate making oxygen-side electrolyte concentration measurements, sampled-
data techniques have been developed which have, in effect, expanded our transport dy-
namics testing capability to include cells with dead-ended reactant supplies, such as
those embodying static water removal.
Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, May 9, 1974,
502-25.
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